Abstract: Cadmium (Cd) is a non-essential trace element that is toxic to humans.
Introduction
Cadmium (Cd) is a non-essential trace metal that is toxic and carcinogenic, and that can occur as a food contaminant and global pollutant (Satarug et al., 2003; IARC, 2009; WHO, 2010) . Long term occupational exposure to Cd may contribute to the developing of lung cancer, and high Cd exposure may induce kidney and bone damages (Järup and Åkesson, 2009; Satarug et al., 2010; WHO, 2010) , and hematuria (Han et al., 2013) . Since the appearance of Itai-Itai disease in Jinzu Valley of Japan, Cd in the environment has been an object of significant societal concern. Generally, Cd occurs at low concentrations in the environment, averaging 0.2 mg/kg in the lithosphere, 0.53 mg/kg in surface soils, and less than 0.66 mg/kg (dry weight) in the plant foodstuffs (Kabata-Pendias and Pendias, 2001 ). However, elevated Cd concentrations have been measured at many locations around the world due to both natural processes such as volcanic eruptions and geological weathering (Nriagu, 1989; Quezada-Hinojosa et al., 2009; Liu et al., 2013a) , and to anthropogenic discharges from sewage irrigation, fertilizer application, mining, smelting, and fuel combustion (Nriagu and Pacyna, 1988; Baveye et al., 1999; Luo et al., 2009) . Although anthropogenic discharges are the main sources of Cd in the environment, geogenic inputs may also result in elevated environmental Cd in regions with Cd-rich rocks (Quezada-Hinojosa et al., 2009; Khan et al., 2010; Park et al., 2010; Jacob et al., 2013; Liu et al., 2013a; Jyoti et al., 2015) . For example, in China, the geochemical mapping in the Yangtze River catchment during the early 2000s detected anomalously high Cd concentrations in the alluvial soils, for which geological weathering was regarded as a
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4 critical contributing source (Cheng et al., 2005) . In Switzerland, Cd-rich carbonate rocks of the Jura Mountains elevated Cd concentrations in local soils (Quezada-Hinojosa et al., 2009) . In Korea, weathering of black shale has lead to Cd enrichment in soils up to 5.7 mg/kg (Park et al., 2010) . In the Santa Monica
Mountains area of California, USA, soils developed from shale parent materials present high Cd up to 22 mg/kg, with an average of 8 mg/kg, significantly higher than those in soils developed from basalt and sandstone (Burau, 1981; Lund et al., 1981) .
Black shales are generally rich in organic materials and metals (e.g., As, Cd, Mo, Ni, Zn, etc.). Mining or drilling for extraction of natural resources such as nonferrous metals and shale gas or natural weathering of these rocks could be an important geogenic source of Cd to the environment (Perkins and Mason, 2015) , and may even be linked to serious endemic diseases (Peng et al., 2004; Tang et al., 2009; Liu et al., 2015) . Black shales are widely distributed in the world. For example, the South China black shale horizon, one of the largest black shale areas on earth, extends discontinuously for 1,600 km in a west-east direction (Yu et al., 2012) . In Sweden, the occurrence of black shale is estimated at nearly 18,300 km 2 , of which 1,900 km 2 are
A C C E P T E D M A N U S C R I P T (Müller, 1969; Liu et al., 2015) : I geo = log 2 (C i /1.5B i ), where C i is the measured concentration of Cd in soils, and B i is a reference value that is 0.35 mg/kg referring to the average level in global non-polluted soil (Adriano, 2001) . We then calculated a potential ecological risk factor, E r , which was first applied to assess ecological risk of metals for aquatic systems, and later also applied to soils (Sun et al., 2010; Liu et al., 2015 ): E r = C i T i /B i , where T i is the "toxic-response" factor, which was calculated to be 30 for Cd using the methods described by Håkanson (1980) . Finally, the exposure pathways and health risk of Cd in selected areas were discussed to illustrate the potential threat of geogenic Cd sources, and soil remediation and environmental management methods that might minimize risks from geogenic Cd were discussed.
Cadmium occurrence in rocks
The geochemical behavior of Cd is similar to that of Zn. It is generally found in (Nathan et al., 1997; Kabata-Pendias and Pendias, 2001 ). However, Cd enrichment in certain rocks results from specific geological conditions. For instance, elevated Cd in black shales and phosphorites (e.g., up to 345 mg/kg in the Phosphoria Formation; Perkins and Foster, 2004 ) is due to high marine primary production and biogenic enrichment, as evidenced by its nutrient-type seawater concentration profile in modern oceans, nearly completely depleted in the photic zone and elevated at depth and to sulfide precipitation under anoxic bottom water conditions (Piper and Calvert, 2009; Piper and Perkins, 2014) . Extremely biologic enrichment of Cd (up to 6200 mg/kg) has been observed in phosphorites of guano origin in Jamaica (Garrett et al., 2008 (Rambeau, 2006) , and in carbonate rocks (0.22-3.6 mg/kg)
in the Three Gorges region of China (Liu et al., 2013a) . Cadmium in calcareous rocks may also be initially concentrated in ocean sediments via accumulation of organic material; on oxidation of organics, the liberated Cd 2+ is retained via formation of a solid solution with calcite (Andersson, et al., 2014 Perkins et al., 2009; Tuttle et al., 2009; Perkins and Mason, 2015) . In addition to high organic matter contents, black shales commonly contain high concentrations of sulfides (Lavergren et al., 2009b; Perkins and Mason, 2015) . Microanalyses and sequential extraction tests of fresh black shales have demonstrated that Cd in these rocks is primarily hosted by the sulfide fraction (52-64%: Perkins and Foster, 2004; 60% of total Cd: Lavergren et al., 2009b) . Tuttle and coworkers document that the main carriers of Cd in New Albany Shale are pyrite and sphalerite, and that the median Cd concentration in framboidal pyrites is 1.7 mg/kg, higher than that in massive pyrite (median 0.43 mg/kg) (Tuttle et al., 2009) .
Similarly, Perkins and Mason (2015) observed with scanning electron microscopy (SEM) that Cd in the Sunbury Shales existed mainly in sphalerite grains, with a strong correlation between bulk rock Cd and Zn. They also found a moderate correlation
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8 between Cd and P, suggesting that a small fraction of Cd may exist in apatite, likely substituting for Ca. SEM analysis of weathered Cd-rich black shale from Three
Gorges region of China also showed pyrite and metal enriched sulfosalt ( Fig. 2 ; Liu, 2014) . Overall, sulfide minerals in black shale are the primary reservoir of Cd and other metals, and their weathering products, sulfosalts, are readily soluble, releasing
Cd to the surface environment (Perkins and Mason, 2015) . For better understanding of Cd mobility in black shale, the approach to fractionate the geochemical portions of Cd is necessary.
Cadmium release from black shales
Exposed black shales are easily weathered and transported, aided by macro-and microbiological processes (Fig. 1 ). When exposed, sulfides in black shales, chiefly pyrite ( Fig. 2 ) and sphalerite, are readily subject to oxidation in the surface environment, releasing Cd and other potentially toxic elements (Peng et al., 2004; Tang et al., 2009; Yu et al., 2012; Liu et al., 2013a; Perkins and Mason, 2015) . The oxidation of sulfides, exemplified by pyrite, can be described in the following reactions (Tuttle et al., 2009) :
The above weathering processes result in acid and metal release. Leaching tests on un-weathered black shale samples showed that the pH in leachate dramatically decreases from 8 to 3, with a significant release of Cd (Falk et al., 2006) . Similarly,
water extraction tests of un-weathered black shale samples have resulted in acidic solutions (pH of 3.6 to 6.4) and aqueous Cd concentrations as high as 350 μg/L (Perkins and Mason, 2015) . Both tests have illustrated the high mobility of Cd in black shale.
We leached weathered Permian black shale from the Three Gorges region, China, for three months with deionized water (50 mm × 500 mm column, 100 g weathered shale, 200 mL water per cycle. The sampling intervals were 1, 2, 5, 10, 20, 30 d.
Leachates Fig. 2) resulting from the prior weathering of pyrites (Carmona et al., 2009 ). Cadmium concentrations in the leachates were positively correlated to SO 4 2-, and negatively correlated with pH ( Fig. 3 ; Liu, 2014) .
According to the estimates made by Tuttle et al. (2009) , the aqueous flux of Cd in New Albany Shale (Cd in un-weathered shale is 0.13 to 3.0 mg/kg, with a median of 0.42 mg/kg) ranges from 0.03 g/ha/a to 0.09 g/ha/a; while the mechanical flux ranges from 0.01 g/ha/a to 0.04 g/ha/a. In another study, it was observed that 76% of the Cd in the 50-yr weathered Sunbury Shale samples was lost during weathering process, compared to mean bulk concentration of 40 mg/kg Cd in fresh samples (Perkins and Mason, 2015) .
The extent natural of rock weathering is constrained by local climatic conditions
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10 and topography, but the amount of Cd released is clearly influenced by Cd concentrations in parent rock. However, human activities such as road construction, mining or agricultural activities may accelerate the sulfide oxidation and Cd release to the environment (Peng et al., 2004; Liu et al., 2013a) .
Cadmium, liberated from sulfides or organics oxidation in black shales, tends to be transported in dissolved form by surface or ground waters (Tuttle et al., 2009 ).
However, Cd may also be retained in the surrounding soils and/or sediment through sorption onto organic and clay minerals, or Fe/Mn hydroxides, or by formation of secondary minerals such as Cd 3 (PO 4 ) 2 and CdCO 3 , or through substitution for Ca in calcite or apatite. These processes are subject to local environmental conditions (e.g., pH, Eh, and the availability of suitable ligands), and these may vary widely along transport pathways. In addition, mechanical transportation in mountainous areas with steep slopes may also contribute to the transport of Cd-bearing minerals in weathered black shale.
Cd contamination in soil
The weathering process of Cd-rich rocks such as black shales is prone to cause Cd accumulation in soils. Table 1 Elevated Cd concentrations in pristine soils are linked to Cd-rich parent rocks, such as soils associated with black shales and phosphorite. This is contrast to soils developed on other rock groups such as non-black shales, carbonates, and volcanic sedimentary rocks (Table 1) . However, total Cd concentrations in soils alone are insufficient clue to environmental mobility. To better explore the potential mobility and bioavailability of Cd in soils, the sequential extraction is a good approach to determine various geochemical fractions of Cd. For instance, Cd in soils developed from black shales in Wushan County of China. is predominantly present in the residual (27-66%, mean of 41%), followed by the reducible (8.2-36%, mean of 21%) and exchangeable (3.8%-42%, mean of 22%) fractions, and small portion (4.3% to 16%, mean of 9.2%) is associated with the carbonate fraction ( In the soils from a sulphide-gold mineralization area in Portugal, 29.4-67.9% (mean 49%) of total Cd existed in the residual fraction, 12% in the exchangeable, water and weak acid-soluble fractions, and 19% in the easily reducible fraction (Reis et al., 2012 fraction (Liu et al., 2013b) . Similar fractionations for Cd are also observed in
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anthropogenically-polluted soils in Poland and England, where higher percentages are found in the exchangeable fraction and lower load in the residual fraction (Chlopecka et al., 1996; Li and Thornton, 2001) . Generally, Cd dominates in the residual and reducible fractions in pristine soils, which suggests it is associated with silicate minerals and Fe-Mn oxides. Only about 20% of the potential bioavailable fraction of Cd is found in soils with a geogenic origin, but about 40% with soils originating from anthropogenic sources.
In addition to elevated Cd in soils, the black shale weathering process may result in soil acidification due to the oxidization of organic materials and sulfides (generally pyrite). As summarized in Table 1 , soil pH in black shale areas range from 2.8 to 7.7, with the majority of samples showing pH below 6.0. This is in contrast to the more neutral pH from samples taken in areas free of black shale. Soil pH plays an important role in Cd adsorption, by controlling pH-dependent sites in organic materials, clay minerals and oxyhydroxides. Lower pH increases Cd mobility, and accelerates its release from relatively stable fractions, but limits the formation of carbonates (CdCO 3 ) and oxyhydroxides (such as Al(OH) 3 and Fe(OH) 3 ). Increased mobility also increases bioavailability and uptake by plants, which can pose a risk to food safety and human health. We selected 15 Cd-rich soil samples to determine the water soluble Cd and pH, the results showed that water soluble Cd is significantly negatively correlated to soil pH, except for one outlier (pH = 5.3) with the highest water soluble Cd (0.25 mg/kg).
The outlier could be attributed to the extremely high total Cd concentrations (41 mg/kg) (Fig. 5) . The water soluble Cd fraction in soil is easily bioavailable to plants.
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So, low soil pH makes more bioavailable Cd, which is preferentially taken up by plants (McBride, 2002) .
Cadmium pollution in aquatic environment
Geogenic Cd also contributes to elevated Cd in water and sediment. Elevated Cd (Falk et al., 2006; Yu et al., 2014; Perkins and Mason, 2015) or in situ measurements (Loukola-Ruskeeniemi et al., 1998; Woo et al., 2002; Kwong et al., 2009 ). For example, lab tests on effluents from Swedish black shale showed that leachate pH (2.4) remained low for extended periods of time (Yu et al., 2014) . And pH at 4.8 in groundwater was detected in area with black shales in Korea (Woo et al., 2002) , pH at 3.0 to 3.8 in stream water samples from Yukon Territory of Canada (Kwong et al., 2009 ). Low pH (3.8) has also been observed in Finnish sediment cores,
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16 which suggested that the lake acidified more than 9000 years ago, induced by intense weathering of black shales (Loukola-Ruskeeniemi et al., 1998) . Anthropogenic activities such as mining and road construction may promote the outcrop and crush of black shale, further accelerate the generation of ARD. The potential for acid generation from rocks is conventionally determined in laboratory using acid-base account. However, this method may not be suitable for the evaluation of acid generation potential for specific areas. To remedy this, a new protocol based on the analysis of regional sediment samples was suggested by Ahn et al. (2015) .
Potential health risk
As discussed in the above sections, black shale weathering processes tend to elevate Cd concentrations in the surface environment, and may result in human health risk. It is therefore prudent, that the exposure pathways and potential health risk of geogenic Cd from black shale should be considered.
High Cd concentrations occurring in arable soils, from geogenic or anthropogenic sources, may accumulate in food crops and result in public health risks (Kabata-Pendias and Pendias, 2001) . Generally, ingestion of foodstuffs in a regular diet is regarded as primary exposure pathway for the non-smoking and non-occupationally exposed populations (Järup and Åkesson, 2009; Satarug et al., 2010) . In areas with elevated naturally-occurring Cd in soils, Cd accumulations in plants have been widely detected. For instance, elevated Cd, up to 7.6 mg/kg, has been observed in native vegetation (Avena, Brassica) sampled from geogenic Cd-rich soils of California (Lund et al., 1981) . The same study also found that various
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vegetables grown in black shale soils (Cd at 22 mg/kg) in the greenhouse also took up high amounts of Cd (dry weigh, DW), 52 mg/kg in pepper leaves, 4.7 mg/kg in fruit, and 82 mg/kg in Swiss chard (Lund et al., 1981) . Elevated Cd concentrations in six plant species, growing in Swiss Jura Mountain pastures with Cd-rich carbonate rocks, were also detected, 2-6 mg/kg (DW), with a maximum at 13.4 mg/kg in Alchemilla xanthochlora, far above the safety limits (1 mg/kg) for vegetation and animal feedstuffs (Quezada-Hinojosa et al., 2015) . Cadmium has also been shown to be presented at 0.31-2.30 mg/kg (DW) in vegetables grown in a black shale exposed area in Korea ( Lee et al., 1998) , 2.3 mg/kg in lettuce and 1.9 mg/kg in red peppers from
Deog-Pyoung area of Korea (Kim and Thornton, 1993) . In Three Gorges region of China, vegetables grown in soil derived from black shales contained Cd of 0.01 to 5.49 mg/kg (mean of 0.68 mg/kg, fresh weight; Liu et al., 2015) . Among crop plants,
leaf vegetables (such as cabbages) seem to have a high potential for Cd uptake (Khan et al., 2010; Liu et al., 2015) . Such high Cd contents in vegetables may pose a potential health risk through the food chain to livestock and humans.
Rice, the world's main staple food, is also prone to enrich for Cd. Studies have demonstrated that Cd contamination in rice, may be impacted from anthropogenic activities, such as mining discharges and waste water irrigation (Simmons et al., 2005; Yang et al., 2006) . Elevated Cd has been also observed in rice from areas with a geogenic Cd contribution. Rice containing Cd at 0.17 to 0.61 mg/kg has been reported from the black shale exposed Okchon area in Korea (Lee et al., 1998) , and 0.1-3.5 mg/kg from Deog-Pyoung area also in Korea (Kim and Thornton, 1993) , much higher
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18 than the normal range of 0.01-0.1 mg/kg (Meharg et al., 2013) .
High Cd levels in food crops may lead to an elevated daily human population intake rate of Cd (Khan et al., 2010; Liu et al., 2015) . It has been reported that a daily intake of Cd through Cd-rich vegetables is at 234 μg per adult in the Three Gorges region, China, significantly higher than the reference dose (60 μg for a 60 kg adult) (Liu et al., 2015) . As a result, the urinary Cd levels of local inhabitants range from 0.43 to 27.6 μg/L (mean of 4.3 μg/L), were significantly higher than those from the control area (0.17-1.52 μg/L, mean of 0.61 μg/L) (Liu et al., 2015) . In Jamaica, 
Remediation and management of geogenic Cd contamination
Remediation approaches have been carried out in many areas contaminated by anthropogenic Cd, but little has been done to control geogenic Cd risk. As discussed above, the excavation activity (such as mining and road construction) may accelerate the Cd-rich rock weathering. The environmental assessment of Cd risk should be carried out whenever excavation is planned in areas underlain by black shales or other rocks known to be enriched in Cd and other potentially toxic trace elements.
Appropriate land management is also encouraged in areas with high geogenic Cd, such as, land use for forest rather than arable cultivation, and no cultivation for leaf vegetables and rice preferably uptaking for Cd. With respect to geogenic Cd-contaminated soil remediation, better understanding for Cd fractionations is necessary, from which proper remediation approaches may be designed. In all, geo-environmental management for geogenic Cd risks in areas with black shale should not be overlooked.
Conclusions
Geogenic Cd in the environment is an important source of health risk to humans.
Exposed black shale anywhere on the planet is a major source of geogenic Cd.
Cadmium is found in sulfides minerals, and the weathering process causes significant A C C E P T E D M A N U S C R I P T Average Cd concentration in soils were listed in parentheses
